Extensive experimental investigation of the wetting processes of fibre/liquid systems during air filtration (when drag and gravitational forces are acting) has shown many important features, including droplet extension, oscillatory motion, and detachment or flow of drops from fibres as airflow velocity increases.
Introduction
Fibre wetting processes are important in a diverse range of industries, including, composite manufacture, textile manufacture and cleaning, wire coating, and other areas. However in such cases there are rarely any forces, other than interfacial forces and gravity, acting on the fibre droplet system. In [naughty boy -never, never, never start a sentenc e wi t h ' a n d ' ( o r i s this the German influence??) much of the theory even gravitational forces are neglected, with only the interfacial three phase forces (solid/liquid liquid/gas interfacial tension) being considered. ????? The work of Kumar and Hartland [1, 2] is one of the few studies which have identified the effect of gravity on large droplets on fibres. However during filtration of liquid aerosols, both airflow and drag forces must be considered. A discussion of wet filtration and the filtration of liquid aerosols is given in previous literature [3, 4] .
The spectrum of possible droplet shapes which occur during fibre wetting has been previously detailed in the literature [5] , with barrel and clamshell droplets being the two principal types that occur. Clamshell droplets are categorised by their axial asymmetry and a contact angle of  90°. Barrel shaped droplets -possessing a higher interfacial energy than clamshell droplets -have a lesser contact angle and are regarded as axisymmetric (on a vertical fibre or when gravitational forces are neglected). It will be shown later in this work that barrel droplets become axially asymmetric when drag forces are acting on them.
In the previous microscopic scale work [3, 4, 6] , many important features were observed, relating to droplet formation (coalescence from aerosols), motion and flow along the fibre.
One of the key features observed, which is vital to quantifying the flow field around filter fibres, is the oscillation of droplets as Reynolds number increases. This paper details the development of a model for the motion of barrel droplets on fibres in the Reynolds transition flow region. The accurate study of droplet motion in this flow region is important since in a fibrous filter system most droplets will remain present on the fibres until the flow around them reaches this region. The motion of such droplets can be expected to have a significant effect on the flow and particle capture inside a filter. This paper will experimentally examine the unique and interesting features related to the motion of barrel droplets on filter fibres, and compare experimentally imaged oscillations with the model developed. As stated previously, barrel droplets are defined by a contact angle less than 90 o and usually have an infinitesimally thin film connecting the droplets. This work is an extension of previous work which examined the oscillation of clamshell droplets [6] , and the same model will be adapted for this work. Figure 1 shows the components of the droplet oscillation. This oscillation is believed to be induced by a change in the flow field around the droplet from the laminar to the transition or unsteady laminar regime. This is supported by the Reynolds number at which such oscillations occur. Flow in this region is usually modelled by the use of the two-dimensional Karman vortex street,. However, there is no 3D equivalent analytical flow field known, and another method must be devised (it should be noted that some commercial CFD packages can resolve vortexes flow fields numerically in 3D). A model for the droplet oscillation has thus been developed [6] by considering the forces acting on the droplet, and taking the tension force at the line of contact between droplet and fibre (T ) as a restoring force counteracting drag ( Figure 2 ). It will be noted that the droplet is no longer axisymmetric due to drag forces. When airflow velocity = 0 the droplet returns to the axisymmetric position. Figure 2 gives a graphical representation of the terms used in the model, where M is the droplet mass centre, r is the displacement of M from the at rest position, l is the displacement of the rest position from M, T is the tension (restoring force), F d is the air drag force on the droplet, and   is the angle of the droplet relative to the airflow direction. The equations governing the droplet oscillation, can be written in radial and transverse co-ordinates [7] ,, as
Model Development
and
where the dot above variables denotes derivation with respect to time, and
and the oscillation forcing terms  o cos( o t+ ), and  o sin( o t+ ) represent the drag effects of the transition zone air stream. The model assumes the droplet is essentially rigid. The droplet rigidity with respect to droplet rotation has been discussed in previous work [3] .
Although large droplets (which oscillate) usually possess lower Ekman numbers (E) than smaller droplets, the values ( [3] ) are still high enough that the rigid body assumption is valid.
Observations ( Figure 1 ) show how the droplet is displaced downstream of its axisymmetric position on the fibre by airflow. At rest the droplet will be axisymmetric (l=0). Initiating air flow displaces the droplet further downstream (ie increases r). The restoring tension, T which uses the spring-like restoring constant   is assumed to be linear. These equations (1) (2) (3) can then be transformed to vector form, 
Methods

Experimental Equipment
The laboratory apparatus and microscopic cells are shown in previous work [6] . Clean, dry compressed air was used to aerosolise distilled H 2 O f r o m a ' C o l l i s o n ' t y p e n e b u l i s e r . The flow of air was varied throughout the experiments to generate a range aerosol loading rates through the cell, as required to observe specific droplet behaviour on the fibre. The flow rate through the cell was continuously monitored and controlled using a flow meter (Cole Palmer, USA). The undiluted aerosol stream generated by the nebuliser had a particle concentration of 5.5x10 5 cm -3 at a mean size of 2.8 0.8 m. The aerosol stream was diluted as required by an additional air stream.
The aerosol stream was fed through the cell being studied. There were two different cells used in the experiments. One, identical to that shown in the previous work [4] was used for all experiments except the experiments requiring measurement of the droplet oscillation. A second cell of the same dimensions was designed so that the droplet oscillation could be properly observed, in a plane perpendicular to the fibre. This was achieved by micro-drilling of the optical glass faces of the previous cell type, so that a fibre could be mounted between the glass faces. Diagrams of the two cells and cell configurations are given in [6] .
Images of the process were recorded using a Basler high speed CCD camera (Germany)
connected to a Zeiss Standard 25 light polarising microscope with a x10 objective lens.
Fibres and cell configurations
All fibres used in the experiments were 7 0.5 m diameter glass. Fibre diameters were verified before placement in the cells, by microscopy (Zeiss Standard 25 light polarising microscope, Germany). All fibres were mounted vertically in the cells. There were two cell configurations [6] . [Configuration (1) 
Experimental Procedure
Prior to the experiments, the fibres were cleaned by flushing with acetone, followed by rinsing in distilled water and then drying in an oven to ensure that they were free from contamination. A cell with newly installed clean fibres was placed in the microscope and connected to the air/aerosol supply. Images were recorded using the CCD camera and microscope objective lens at 25-80 frames per second (fps) from commencement of the airflow through the cell. As mentioned, airflow rates were periodically altered, or stopped and restarted, or aerosol flow was discontinued with only air flow remaining, in order to observe specific features of the processes occurring.
Image Analysis
Visual examination of the frames was used to determine important features/events which required further analysis. These frames were then analysed in the MATLAB Image
Processing Toolbox (Mathworks, USA). Droplet edge profiles were determined using the
' S o b e l ' e d g e d e t e c t i o n me t h o d i n c o r p o r a t e d i n t h e t o o l b o x . Dr o p l e t c e n t r e p o s i t i o n s we r e
determined using the "centroid" feature to examine droplet oscillation. Cross sectional areas of droplets were determined by calculating the number of pixels constituting the droplet image and converting to a size in  m 2 using the known pixel size (1pixel = 0.7 m×0.7 m).
The droplets were assumed to be spherical, although this is not exactly the case, this approximation is sufficiently accurate and has been used previously [8] .
Data Analysis and Modelling
To fully analyse the experimental oscillation data it was necessary to both filter the data and apply a Fourier transform. These techniques were used to determine the fundamental oscillation frequencies and patterns present in the data. A high pass filter was applied to the oscillation data to remove the peaks and smooth the data. The aim of this smoothing was to determine the existence of a fundamental oscillation within the data. It was found that the most effective high pass filter was of the form, analysed using a t-test to determine if statistically significant differences existed in the data.
To ensure the best possible correlation between the model and experimental data, the model was fitted using a Genetic Algorithm (GA) [9] . The GA input used a file containing the possible ranges for each model input parameter (including any known experimental error) and provided the best fit between model and experiment within these ranges.
Results and Discussion
Qualitatively, the processes that occur when barrel particles are captured on a fibre consist of:
(1) the polydisperse liquid aerosols are initially captured on the upstream face of the fibre,
a l mo s t i mme d i a t e l y d i s a p p e a r i n g a s t h e y s p r e a d o n t o o r " we t " t h e f i b r e ;
(2) once sufficient aerosol has collected, barrel shaped droplets begin to grow at a regular spacing along the fibre (presumably created by Rayleigh instability breaking up the thin film). The droplets are initially axisymmetric (the classical barrel droplet); (4) the droplets continue to grow by absorbing aerosol particles impinging onto the droplet surface. As the droplet grows, and drag force on the droplet increases, the droplet is pulled away from the fibre in the airflow direction, becoming axially asymmetric;
(5) eventually, the droplet will reach a critical size at which it begins to oscillate. Once a droplet commenced oscillation, the water (aerosol) flow could be stopped and the air flow velocity reduced, with the droplet continuing to oscillate until finally stopping at a lower velocity than which it started; (6) The droplets continue to grow (by capturing aerosols or coalescencing with other droplets immediately above or below them on the fibre) and continue to oscillate, until they leave the fibre, either by being blown off or sliding down the fibre. There is also some slight random motion up and down the fibre, which can bring two droplets immediately below/above each other close enough to coalesce. The droplets were found to flow down at reasonably regular intervals, and almost never blew off the fibre (unlike clamshell droplets). -7 ) using a t-test (t = -7.28, df = 20). This is a bit misleading (I think) -the figure shows the Reynolds number at which activation or deactivation occurred as a function of ?? drop size (I c a n ' t s e e wh e r e y o u h a v e d e f i n e d b)?? -so the regressions really are Reynolds numbers at which activation or deactivation occurs as functions of drop size??? Figure 4 shows the velocity at which a droplet of radius b leaves the fibre. During the experiments all droplets flowed down the fibre (none were blown off), thus the droplet flows down the fibre before drag forces can break the interfacial tension holding the droplet on the fibre. The points located on the lower right hand side of the line relate to much lower air velocities, leading to much larger droplet sizes. They also correspond to a greater fibre/droplet contact area and reduced drag force allowing the droplets to flow down the fibre much more readily. Therefore all data in Figure 4 corresponds with D F in Figure 6 in [6] . The slope of the line fitted to Figure 4 is much steeper than the slope of the line fitted to Figure 6(D F ) . This demonstrates both, the greatly improved drainage of barrel droplets down the fibre (due to the connecting film between droplets), compared to clamshell droplets, but also the fibre diameter difference again will have some effect since the barrel droplets will be unable to remain on the fibre as long. positions of 10 droplets between b=50 and 160 m were taken at velocities from 0 to the point at which each droplet began to oscillate, and the means of the results (± one SD) are shown in Figure 5 . An exponential function could be best fitted to the entire data as shown in Figure 5 .
The correlation is the form, 
A linear fit has been added to all the data except the two rightmost points, which is, 0.253Re 1.263 r   .
The linear fit was added since this portion of the graph appears near linear (justified by the R 2 for the fit of 0.87), and r is related to the restoring constant in equation (3) 
points. I ' d r e d o t h i s wi t h a s mo o t h e x p o n e n t i a l c u r v e
It will be noted that the slope of equation (7) is significantly steeper than equation (8) in [6] , and the coefficient of the power term in equation (6) is greater than the power term in equation (7) in [6] . This is most likely due to the greater ability of the barrel droplet to be extended in r before detachment from the fibre. Since the barrel droplet is axisymmetric at rest, it appears to allow itself to be displaced from the at-rest position more easily than an equivalent clamshell droplet, however unlike the clamshell droplet, it can be displaced almost the radius of the droplet without detachment. Therefore, clamshell droplets cannot be displaced as far without fibre detachment. The fibre contact area may have an effect, since a greater fibre/droplet contact surface will allow the clamshell droplets to have a greater resistance to displacement from the fibre.
In order to observe the droplet oscillation most accurately, a Basler high speed CCD camera was used to image the oscillation of a droplet at 80 fps, at an angle 15 degrees from a plane perpendicular to the fibre. Figures 6 and 7 show the position data for the oscillation in r and The MATLAB fft and fminsearch functions were used to fit curves to the r and data. The important (highest power) oscillation periods discovered using the fft were used as a starting point for the fminsearch fit. For the r and data ( Figures   6 and 7) , it was found that there were 3-4 oscillations which had a far greater power than the others. For the highest power oscillation (lowest frequency) fit, it was found that almost identical sine functions could be fitted to either the raw or filtered data (Figures 8 and 9 ).
However the fminsearch function proved less sensitive to the initial conditions when using filtered data.
[[[In contrast to the clamshell droplet oscillation study [6] the data contained a higher number of oscillations with an equivalent power. Therefore the oscillation is not as well defined as in the previous study. There are a number of probably reasons for this, the principal two being:
(1) with the clamshell droplet on a stainless steel fibre, the fibre can be placed under slight tension in the cell, therefore making fibre oscillation with the droplet negligible -however in this case the glass fibre has a much lower tensile strength, so the oscillation of the fibre with the droplet is not insignificant; (2) since the clamshell droplet is normally located on the back of the fibre, it could be expected that its motion to be slightly more uniform, as it is unable to
" p u l l b a c k " i n t o t h e a x i s y mme t r i c p o s i t i o n a s t h e b a r r e l s h a p e d d r o p l e t c a n . ]]] maybe move this down one paragraph
The raw r and  d a t a a r e g i v e n i n F i g u r e s 6 a n d 7 r e s p e c t i v e l y , t o g e t h e r wi t h t h e " s i mp l e " a n
d " d o u b l e " o s c i l l a t i o n s f i t t e d t o t h e d a t a , d e n o t e d b y t h e " s " a n d " d " s u b s c r i p t s
respectively. The sine curves fitted to Figure 6 were, 1.12sin(38.76 2.14), The simple oscillation of the droplet has a much higher frequency than in the previous study of barrel droplets [6] . However the double oscillation is of a similar frequency. This may be due to variations in droplet size (slightly smaller for this study) and flow velocity (slightly faster for this study), as well as the droplet shapes and dynamics.
Due to the more complex oscillation of the barrel droplet, the correlation coefficients (sample size corrected -R 2 ) for r and are 0.25 and 0.34 respectively, which is not ideal, but still acceptable for so complex an oscillation. Interestingly, unlike the barrel data [6] , where the simple oscillations were out of phase by almost one half period, the two components of the oscillation for the barrel droplet are almost in phase with each other.
[[[The fourier transform results for the filtered r and data did, as mentioned, contain the " s i mp l e " o s c i l l a t i o n ( e q u a t i o n s 9 a n d 1 0 ) , h o we v e r t h e h i g h f r e q u e n c y " d o u b l e " o s c i l l a t i o n was removed by the filtering process, leaving a low frequency oscillation as the second highest power peak. A third oscillation was fitted, this time to the filtered data, using this second highest powers found in the fft fits for filtered r and data.] ] ] I d o n ' t q u i t e f o l l o w t h i s -the previous fits were to raw data weren' t they??? Figures 8 and 9 compare the filtered data only to the double oscillation for r and respectively given by r S +r F and  S + F respectively.
The additional curves fitted to the filtered data were, 0.62sin(19.95 0.13), However, this may be due to the difficulty of accurately calculating drag in the transition flow region, therefore this value is acceptable. The need to increase F d to obtain acceptable agreement with the model was also noted in the previous barrel study [6] . Table 1 The model output for the r parameter set in Table 1 is shown in Figure 10 . The model gives a reasonable fit to the filtered r data (R 2 of 0.31), however the fit to the raw oscillation is not as good, as expected. Unlike the previous study [6] , the rapid oscillation between each time interval (camera frame rate) was not reproduced by the model, however this may be due to the faster frame rate used in this study. It will be noted that the values of the forcing terms for the r fit ( o    o  and  o ) correspond very closely with the values of the coefficients in equation (9) (when the amplitude is converted from  m to centimetres). The model output for the  parameter set in Table 1 is shown in Figure 11 
Conclusion
The behaviour of barrel droplets on fibres during filtration processes presents many features which are important to airflow and particle capture in filters collecting liquid aerosols. The Cheers for now Figure 1 . Barrel droplet on 7 m glassfibre fibre showing components of droplet oscillation. It will be noted that the droplet is no longer axisymmetric due to drag forces. When airflow velocity = 0 the droplet returns to the axisymmetric position. 
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